Abstract-We present multifunctional integrated sensors (MFISES) that combine temperature, humidity, pressure, air speed, chemical gas, magnetic, and acceleration sensing on a single 2-mm × 2-mm die. We fabricate the MFISES in a wafer scale encapsulation process to hermetically seal the sensor functions with moving parts at low vacuum, and then surface micromachine the environmental sensors on top of the sealed layer. The encapsulation process provides very stable conditions for the pressure, magnetic, and acceleration sensors, and enables the deployment of the MFISES in dynamic environmental conditions without special postprocess packaging. We quantify the performance requirements for sensor applications in weather stations, indoor climate control, road activity monitoring, chemical sensing, and parking monitoring. We compare the performance of the MFISES to the application requirements to demonstrate the utility of an integrated sensor in a wide range of applications.
could deploy to measure acoustic, seismic, magnetic, and weather events [3] . For smart home monitoring, products like the Nest Protect are designed to measure smoke and carbon monoxide but also include sensors for temperature, humidity, and light intensity to augment the intended function of the device [4] . A number of smart home research projects monitor water heater and indoor conditions [5] , motion, opening of doors, use of appliances, light levels, and temperature to assess Activities of Daily Living [6] , and electrical activity, physical activity, and movement throughout a home [7] . The application examples demonstrate the need for measuring many parameters in a sensor system and the opportunity for integrating sensor functions into a single device.
The current state of commercial integrated microelectromechanical systems (MEMS) for sensor applications is focused mainly on inertial measurement units. The InvenSense MPU-9150, STM LSM9DS0, and Bosch BMX055 combine gyroscopes, accelerometers and compasses into single package combo-sensors [8] [9] [10] . Combining sensor functions into a multi-sensor can enable cost, size and power savings because of the reduction of fabrication steps, the reduction of die size, combined packaging, and the ability to multiplex sensors to reuse signal conditioning circuitry.
We have previously reported on first generation multifunctional integrated sensors that demonstrated a low cost integrated design and fabrication process [11] . In this paper, we present the design, fabrication, and testing of a second generation multi-sensor that integrates temperature, humidity, pressure, air speed, chemical gas, magnetic field, and acceleration sensors on a 2×2 mm die ( Fig. 1 and Table I ).We use a wafer scale encapsulation process that allows us to fabricate sensors sealed in a hermetic environment and sensors exposed to ambient conditions. MFISES demonstrates the potential to use a single device instead of many components for multi-parameter sensing in order to reduce the size and cost of the sensor system. We compare the specifications of a number of multi-sensor applications to the performance of MFISES and discuss methods for deployment. In Section II, we examine what sensor functions and performance requirements we need in weather stations, indoor climate control, road activity monitoring, chemical sensing, and parking monitoring. In Section III, we briefly outline the fabrication process. In Section IV, we explain the methodology to integrate the sensors onto a single die and the calibration and testing data for each sensor. In Section V, we compare MFISES performance specifications to the application requirements and discuss methods of deployment and the benefits of the integrated multi-sensor. 
II. APPLICATION REQUIREMENTS AND PERFORMANCE BENCHMARKING
To measure the target specifications for the sensor design we quantified the performance requirements for multi-sensors in weather stations, indoor climate control, road activity monitoring, chemical sensing, and parking monitoring. Here, we review specifications from research articles, commercial datasheets, and our own experiments.
A. Weather Station
A number of research projects have used sensor nodes built from consumer electronics for weather sensing in irrigation and agriculture [12] , [13] and habitat monitoring of seabird nesting [14] . For high accuracy measurements, the US Geological Survey provides detailed specifications for weather and climate monitoring systems using laboratory grade, large-scale equipment [15] . Many companies also sell consumer-grade wireless stations that measure current weather conditions and provide a daily forecast. As a practical benchmark, we selected an Oregon Scientific WMR 100 Pro weather station to base our performance specifications (Table II) [16] . The range, resolution, and accuracy specifications typify commercially available MEMS and integrated circuit based sensors for temperature, humidity, and pressure. The wind sensor is a macroscale wind vane anemometer. Weather events can cause barometric pressure changes on the order of 8 kPa for severe storms. A National Weather Service station located near the Golden Gate bridge measured barometric pressures ranging from 100.3 kPa to 103.3 kPa in the year 2013 [17] .
B. Indoor Climate Control
Three important factors to measure in smart home and smart office systems are temperature, humidity, and room occupancy in order to control the heating or cooling system in the building. Temperature and humidity measurements are straightforward and we chose the Analog Devices TMP36 temperature sensor and the Honeywell HIH-4030 humidity sensor as benchmark devices (Table II) [18] , [19] . However, determining room occupancy is a more difficult task with application specific requirements and a range of possible solutions. Smart home products such as Nest, Tado, and SmartThings use cell phone location, wireless tags, or connection to the local area network to detect occupancy. Infrared motion and proximity sensors are commonly used to detect room occupancy for controlling lights. One simple method that we explore is detecting the opening and closing of a door by measuring vibrations using a wall mounted sensor. We measured the acceleration magnitude of three typical doors in an office building using an STM LIS331DLH accelerometer (Fig. 2) . We sampled data at 33 Hz, and the STM accelerometer had an RMS noise of 1.9 mg for the measurement setup. The average acceleration for a door closing was 120 mg and the minimum amplitude was 40 mg, for a minimum signal to noise ratio of 21.
C. Road Activity Monitoring
Road activity monitoring can encompass counting the number of vehicles passing, measuring vehicle velocity, and classifying vehicles by weight or size. There are many systems in place for this type of monitoring including inductive coils at stop lights, radio frequency transmitters for toll tags, traffic cameras, stationary radar detectors, and piezoelectric cables for car counting. We are interested in metrics for small scale sensors placed on the roadside. Sensor systems that can be easily deployed would enable cost savings. For instance, an inductive coil requires a road crew to cut a channel in the road surface, install a wire coil, and connect to a nearby power source at an estimated cost of $26,100 per sensor. Sensor nodes employing magnetometers can be deployed in a selfcontained unit at an estimated cost of 60% less than inductive coil sensors [20] .
One example magnetometer system from Sanchez et al. identified a magnetic signature for passing vehicles to estimate travel time along a road [21] . We measured the magnetic field change of a small passenger vehicle driving over a 3-axis Freescale MAG3110 magnetometer to quantify a typical event (Fig. 3a,b ). We measured a maximum magnetic field change of approximately 6 μT, with the sensor y-axis oriented with the driving direction and the z-axis normal to the plane of the road. A passing vehicle also generates a pressure wave that we can measure with a road mounted pressure sensor. We deployed a Freescale MPXA6115A pressure sensor to measure the pressure wave and wake of a passing vehicle at different speeds (Fig. 3b) . We could detect the vehicle at speeds above 15 miles per hour and the magnitude of the preceding pressure wave increased with vehicle speed. The wake behind the vehicle caused dynamic pressure changes typical of turbulent flow.
Researchers have reported on acceleration measurements of roadway infrastructure as vehicles pass. Kim et al. installed a sensor network on structural elements of the Golden Gate Bridge and measured maximum acceleration peaks of 10 mg, at 50 Hz from large passing vehicles (Table III) [22] . Whelan et al. instrumented an abutment bridge and measured acceleration data at 128 Hz in two axes and recorded accelerations from 2 to 10 mg (Table III) [23] . In our experiments, we tested if a sensor placed on the road surface instead of mounted to the roadway infrastructure could detect vehicles passing. We placed an STM LSM330 accelerometer along an asphalt road and repeatedly drove a mid-size sedan by the sensor at speeds of 10 to 20 miles per hour. We were not able to detect the passing of the vehicle above the noise of the measurement.
D. Chemical Sensing
We include chemical sensing as a multi-parameter monitoring application not only because a chemical sensor system might monitor many types of gases, but also because many chemical sensors have large cross-sensitivities to temperature, humidity, and other gases [24] . For accurate measurements, a sensor system needs to measure these cross-dependent parameters to enable compensation in the measurement hardware or software. The Hanwei MQ-7 is an example commercial carbon monoxide sensor that uses a tin oxide sensing film to transduce carbon monoxide concentration to a resistance change [25] . At low carbon monoxide concentration, the MQ-7 has a sensitivity of 1% R/R o /ppm CO and resolution limit of 20 ppm. The cross-sensitivity to temperature is 0.8% R/R o /°C, and the cross-sensitivity to humidity is 0.4% R/R o /%RH (Table IV) . To reduce the temperature and humidity error to 10% of the 20 ppm resolution limit, the temperature resolution is 2.5°C and humidity resolution is 5 %RH. The minimum response time to carbon monoxide change is one cycle of heating the sensing film, which is 2.5 min. To dynamically compensate for cross-sensitivity, the temperature and humidity sensors should have a time constant less than 2.5 min.
For safety monitoring the Occupational Safety and Health Administration (OSHA) sets concentration and response time specifications for sensor systems [26] . The OSHA maximum personal exposure limit to carbon monoxide is 50 ppm averaged over 8 hours.
E. Parking Monitoring
Programs in San Francisco, California and Santander, Spain have implemented sensor networks to detect the presence of vehicles in parking spots and alert drivers to available spots [2] , [27] . Companies such as Streetline, Fybr, and Libelium have developed monitoring systems primarily using magnetometers to detect the presence of vehicles [28] . Electromagnetic interference from trolley car wires and underground electrical cables has caused reliability issues [29] , so additional devices such as infrared or ultrasonic proximity sensors or photodetectors are used to verify the magnetometer data.
We experimentally measured the magnetic field changes for a mid-size sedan driving over a 3-axis Yamaha YAS532 magnetometer placed underneath the vehicle, sampling at 10 Hz (Fig. 4) . The sensor was placed 1 meter behind the bumper and laterally centered under the vehicle with the sensor axes setup like Figure 3a . The data show the events of driving over the sensor, turning the engine off, turning the engine on, and then exiting the parking spot. The steady state amplitude change of the magnetic field vector was 8 μT with peaks of 40 μT when the car enters and exits. For a single axis, we measured a maximum steady state change of 4 μT in the y-axis and peak changes of 25 μT on entry and exit.
III. FABRICATION PROCESS
MFISES devices were fabricated in a wafer scale encapsulation process (called epi-seal) [30] which we briefly summarize here (Fig. 5 ). Fabrication begins with a silicon on insulator (SOI) wafer with a 40 μm-thick device layer and a Experimental measurements of the change in amplitude of the magnetic field vector (blue line) and the change in the y-axis component when a car drives into a parking spot, turns off the engine, turns on the engine, and drives away over three cycles. 2 μm buried oxide layer. We use deep reactive ion etching (DRIE) to define the structures in the device layer silicon. Oxide is deposited to refill the etched trenches and deposit an oxide spacer. The movable structures are sealed with an epitaxial polysilicon encapsulation layer and then released from the oxide layer with a vapor HF etch. The deposition seals the device cavity in vacuum at about 1 Pa with hydrogen gas remaining in the cavity. An oxide passivation layer and metal layer are deposited and patterned on top of the encapsulation layer. In addition to in-plane electrodes, this work utilizes an extension to the base epi-seal process to include top out-of-plane electrodes in the encapsulation layer [31] . Nitride-filled isolation trenches allow for electrodes to be incorporated in the top encapsulation layer. This allows electrical routing of device layer electrodes through the encapsulation layer.
On top of the aluminum and oxide passivation layers we manually apply sensing films using a pipette. For the humidity sensor, we deposit 10 μL of PI-2555 polyimide (HD Microsystems, Parlin, NJ, USA) on to aluminum comb fingers and allow the solvent to evaporate. For the chemical sensor, we use tin oxide nanoparticles (60 nm diameter) (M K Impex Corp., Ontario, Canada) to deposit the sensing film. We sonicate a solution of 10 mg/mL of nanoparticles in isopropyl alcohol, pipette the solution onto the sensor electrodes and allow the alcohol to evaporate. We use manual techniques for the ease of prototyping different materials. The sensing films could be deposited on a wafer scale by spin coating the polyimide and inkjet printing the nanoparticle solution.
The epi-seal process provides three layers to fabricate sensor elements. In the device layer, we can design sensors with released and movable structures such as accelerometers and operate the accelerometers in a stable chamber that maintains constant pressure and gas concentration over long periods of time [32] . The top electrode polysilicon layer is coupled to the ambient pressure, so we can use this layer as a membrane and electrode to build a pressure sensor. On top of the oxide passivation layer, the chip is completely exposed to ambient conditions, so on this layer we can fabricate devices like the humidity sensor. So in one process, on one chip, and without special post-process packaging, we can design sensors that are sealed or connected to ambient conditions.
IV. MFISES DESIGN AND RESULTS
The design of MFISES was guided by two competing goals: 1) to integrate sensor functions to build a multisensor that meets performance specifications of a range of applications and 2) to minimize the size and complexity of the device to demonstrate the cost savings of the multi-sensor. MFISES devices are 2×2 mm as shown in Figure 1 with the sensors identified in Table I . The following sections present the principle of operation, design, and calibration of each function. Each sensor was tested individually while keeping other measurement parameters constant. Sensor tests were performed in ambient conditions of approximately 25°C, 35 %RH, and atmospheric pressure unless otherwise noted.
A. Chemical
Metal oxide semiconductor materials are commonly used for sensing carbon monoxide, ammonia, and hydrocarbon gases [33] . The sensing films adsorb gas molecules from the air, causing a reduction or oxidation reaction on the film surface, which leads to a change in conductance of the sensing film. For an n-type semiconductor material, the resistance decreases in the presence of a reducing gas and increases with an oxidizing gas. The sensitivities of metal oxide semiconductor films generally increase with temperature, and most gas sensors operate above 250°C [33] . In MFISES, we heat the chemical sensor with a serpentine polysilicon heater fabricated in the top electrode layer (Fig 6a,c) . The infrared image and line trace (Fig. 6b,d) show a heat map of the chemical sensor and temperature profile with 0.64 W of power applied to the heater. The chemical sensor has air gaps around the heater to localize heating and increase thermal isolation. Aluminum comb fingers on top of the heater allow the deposition of metal oxide semiconductor films for sensing various chemicals. We deposit tin oxide nanoparticles as an n-type semiconductor material to sense carbon monoxide gas. To test the response of the chemical sensor, we flowed 8000 ppm of carbon monoxide mixed with nitrogen gas through a gas chamber while heating the sensor to approximately 300°C. We applied a bias voltage of 5 V and measured the current flow through the sensing film using a Keithley 2400 source measurement unit (Fig 6f) .
B. Anemometer
Hot wire anemometers are typically suspended resistors that are placed in fluid flow. The principle of operation is that the wire loses heat by convective heat transfer to passing fluid proportional to the fluid velocity. The heat transfer is sensed by a change in resistance of the anemometer wire. Ebefors et. al and Mischler et. al demonstrated anemometers using polysilicon wires [34] , [35] , and we previously used released aluminum wires as the sensing elements [11] . However, in our fabrication process we cannot release an anemometer wire. Adamec et. al and Park et. al fabricated unreleased devices that use arrays of temperature sensors around a central heating element [36] , [37] . However the device sizes were large: 2 mm × 2mm and 6.2 mm × 6.2 mm, respectively. So we employ an aluminum wire bond as a hot wire anemometer to measure air flow across the sensor surface. Our design takes advantage of an existing process step and minimizes device size.
We tested the anemometer using a wind tunnel with air flow across the sensor surface at speeds up to 10 m/s. The air speed was limited by the maximum speed of the wind tunnel. We pulsed current flow through the anemometer from 1 mA to 100 mA in a 50% duty cycle and measured the voltage drop using a Keithley 2400 source measurement unit (Fig. 7b) . The pulsed operation reduces drift and decreases power consumption compared to a DC measurement. According to King's law for low Reynolds number flow over an infinite cylinder, anemometer voltage should be proportional to the 1/4 power of fluid velocity [38] . Mischler et al. observed a range of proportionality exponent from 0.2 to 0.55 [35] . For our data, anemometer voltage correlates best to air velocity to the 0.6 power, v 0.6 .
C. Temperature
We measure temperature with two methods: an aluminum resistor operated as a resistance thermal detector (RTD) and a double ended tuning fork used as a resonant temperature sensor. The RTD sensitivity depends on the thermal coefficient of resistance which for aluminum is about 0.0037 C −1 at room temperature [39] . The thermal coefficient of resistance is itself a function of temperature which leads to nonlinear sensitivity. The resonator temperature sensitivity is related to the temperature coefficient of frequency of silicon, TCF. TCF is related to other material properties by:
where TCE is the material's temperature coefficient of Young's modulus (−64 ppm/°C for silicon depending on doping) and α is the coefficient of thermal expansion (2.6 ppm/°C) [40] . We calibrate both sensors in a Thermotron SM 1.0 environmental chamber from −30 to 60°C (Fig. 8) . For the RTD, we apply a constant bias voltage and connect the output to a transimpedance amplifier to convert the current signal to a voltage. For the resonator, we use a closed loop oscillator circuit [41] that induces and maintains self oscillation in the resonator. We measure the frequency using an Agilent 53132A frequency counter. Over the measured temperature range, the sensors match a second order polynomial curve. The measured resolution at 30°C was 0.03°C for the RTD and 0.024°C for the resonator. The temperature resolutions were comparable to the stability of the TMP35 sensor we used as a reference and probably limited by the temperature stability of the test chamber.
D. Magnetic Field
Three principles of operation are commonly employed for microscale magnetic field sensors: the Hall Effect, magnetic materials, and the vibrating Lorentz force [42] . The vibrating Lorentz force principle is the only transduction method that fits into the epi-seal process. Magnetic materials are generally not CMOS compatible and can be difficult to process. The Hall Effect is strong in lightly doped semiconductors and weak in highly doped semiconductors and metals. In the epi-seal process, the device silicon and epi-seal polysilicon are highly doped to minimize the resistance of the capacitive transducers and exhibit a very weak Hall Effect.
The Lorentz force magnetometer works on the principle that current flowing through the released beam in the presence of a magnetic field will cause a force perpendicular to the magnetic field and current vectors (Fig. 9a) . The mechanical sensitivity of capacitance to magnetic field strength, C/ B, is related to
where ε 0 is the electrical permittivity inside the epi-seal cavity, n is the number of sensing plates, A c is the area of the sensing plates, I (t) is the applied current, L is the beam length between the anchors, Q is the mechanical quality factor, d is the distance between the sensing plates, k is the beam stiffness, f 0 is the natural frequency, and b is the damping coefficient [41] . The analysis assumes a parallel plate gap change which gives a reasonable approximation at small beam displacements. The bias voltage is applied at the mechanical natural frequency of the beam, so that the displacement of the beam will be amplified by the mechanical quality factor. Parallel plate capacitors above and below the bar sense the change in displacement. Langfelder et al. analyzed the effect of the number of sensing plates on the vibrating proof mass [43] . Their analysis suggests that magnetic field sensitivity is independent of the number of sensing plates, which recommends an almost 1-D z-axis magnetometer for space efficiency. As a result, we use a single beam resonator to save die space. We measured a natural frequency of 182 kHz and quality factor of 340 at a bias voltage of 4 V and observed significant electrostatic spring softening (Fig. 9b) . The natural frequency is slightly below our calculated and simulated values probably because of over etch of the beam. The sense capacitors feed into transimpedance amplifiers and the signals are demodulated using a spectrum analyzer (Fig. 9c ).
E. Acceleration
MFISES employs two capacitive accelerometers. The y-axis accelerometer is a fully differential lateral comb drive design (Fig. 10a) . Acceleration in the y-axis causes a gap change between the movable proof mass electrodes and the stationary electrodes. The stationary electrodes are anchored by vias to the top electrode layer and the output signal is routed through the top electrode layer. The proof mass was designed with a 20 kHz natural frequency to ensure adequate stiffness to survive high acceleration processing steps after being released from the oxide layer.
The z-axis accelerometer employs a teeter-totter proof mass and out of plane sense electrodes in the epi-seal layer (Fig. 10b) . The center of mass for the proof mass is off-center of the spring and anchor. Acceleration in the z-axis causes torsional bending of the spring and rotation of the proof mass toward and away from the stationary sense electrodes. The spring and proof mass were designed with a first frequency mode of 21 kHz. For testing, we use an Analog Devices AD7746 capacitance to digital converter that allows for differential capacitance inputs (Fig. 11) . We measured an approximate resolution of 1.3 mg/rt-Hz for the y-axis and 60 mg/rt-Hz for the z-axis accelerometers up to a 50 Hz bandwidth. From the theoretical accelerometer sensitivity and circuit noise we expect a resolution limit of 0.4 mg/rt-Hz for the y-axis and 8 mg/rg-Hz for the z-axis. We are investigating how to reduce parasitic capacitances which are the likely cause of the decreased accelerometer performance.
F. Humidity
A layer of polyimide absorbs and desorbs moisture from ambient air causing a change in the dielectric constant of the polyimide. A set of inter-digitated comb finger electrodes underneath the polyimide layer senses the change in dielectric constant as a change in capacitance. Polyimide is commonly used as the sensing layer in commercial sensors and shows linear response for relative humidity between 30 and 95% with little hysteresis over multiple humidity cycles (Fig. 12a) . To measure the time constant of the sensor, we place the device in an environmental chamber at 85 %RH and then remove the sensor to ambient conditions (Fig. 12b) . The device tested has a time constant of 10 seconds to the step input, which was faster than the reference HIH-4030 sensor.
G. Pressure
The pressure sensor is a capacitive parallel plate design. The pressure diaphragm and top electrode are defined in the epi-seal layer and bottom electrode is defined in the device layer (Fig. 13a) . The diaphragm is approximately 500 μm in diameter and employs a reduced top electrode of 300 μm to improve fractional capacitance change [44] . The reference cavity contains hydrogen gas sealed in the epitaxial reactor at 1 Pa of pressure. To measure the sensor capacitance, we apply an AC bias voltage at 100 kHz to the top electrode and connect the bottom electrode to a transimpedance amplifier and then demodulate the signal with an AD630 mixer and low pass filter (Fig. 13b) .
V. DISCUSSION
The goal of the MFISES design was to engineer a sensing platform that would meet target specifications for a number of multi-parameter sensing applications. By integrating the sensor functions onto a single device, we can enable reductions in the size and cost of the sensor components. From the application experiments and benchmark testing in Section II, we have two standards of comparison: (1) the minimum resolution required to monitor the intended task and (2) the performance specifications of the off-the-shelf sensors.
Performance data are presented in Table V . The tested range is for the experiments performed and not necessarily the limit of the sensor capabilities. To calculate RMS noise, we low pass filtered the sensor output, recorded time series data of 300-1000 points over 5-10 minutes, and computed the standard deviation. For the accelerometers, we measured the noise power density for bandwidths up to 50 Hz. The RMS noise specifications represent the accuracy limit that each sensor could achieve in a calibrated system.
The bandwidth data were from the measurement setup of the tests performed and not fundamental limits of the sensor. The 10-90% time constant data for the chemical and humidity sensor are measured from the calibration tests and limited by the transduction mechanism. We report the power consumptions separately for the sensor and measurement circuit, where applicable.
A. Weather Station
For weather monitoring, we have well-defined performance specifications for the benchmark sensor. We do not have a clear metric for a minimum required resolution. We assume that the benchmark WMR 100 can provide sufficient data for weather reporting and short term weather forecasting.
The MFISES measurement range meets or exceeds that specified for the WMR 100 for temperature, humidity, and barometric pressure. For the MFISES anemometer, the measurement range was limited by the test setup. The RMS noise levels of MFISES are equal to or lower than the resolution of each of the weather center sensors. With calibration, the accuracy of MFISES could exceed the measurement resolution and accuracy of the weather center.
The advantages MFISES compared to the WMR 100 are the much smaller sensor size, and the hot wire anemometer has a 15 times lower noise floor than the resolution of the WMR 100 wind vane anemometer. An advantage of the WMR 100 is the wind vane anemometer can be very low power or selfpowered because of the input energy from passing air. The hot wire anemometer is inherently higher power because the metal resistor must dissipate heat to the passing airflow and the sensitivity is proportional to the temperature difference between the wire and air.
B. Indoor Climate Control
For indoor climate control, we define the minimum resolution specification for temperature and humidity as the resolution limit of the benchmark sensors. For detecting door opening and closing to determine room occupancy we measured a minimum acceleration peak of 40 mg sampled at 33 Hz.
MFISES meets the resolution specifications for the benchmark temperature sensor over our available test range of −30-60°C. The measurement noise of the MFISES humidity and temperature sensors were limited by the stability of the environmental chamber. MFISES and the commercial benchmark sensors showed similar performance during testing. To detect a door opening and closing, MFISES could detect the minimum acceleration with signal a to noise ratio of 5 using the y-axis accelerometer. The benefit of using MFISES for indoor climate control would be to reduce the number of sensors from three discrete components to a single multi-sensor while still meeting the required application specifications. The advantage of the benchmark accelerometer is a 4 times higher resolution in the tested bandwidth.
C. Road Activity Monitoring
To detect a small passenger vehicle driving over a magnetometer, we measured a minimum required resolution of 5 μT at 10 Hz. We also used a pressure sensor to detect a vehicle passing and the pressure signal increased with vehicle speed. The minimum speed we were able to detect with our experimental setup was 15 mph which caused a 50 Pa pressure wave. From Kim et al., instrumented sections of road infrastructure experienced acceleration peaks of 10 mg at a bandwidth of 50 Hz as vehicles passed.
The MFISES magnetometer RMS noise is 2.4 times worse than the minimum required resolution. The MFISES pressure sensor RMS noise is 70 Pa at 66 Hz which is below the measured signal at 15 mph. At a speed of 25 mph, the magnitude of the pressure wave was 87 Pa which suggests that MFISES could detect vehicles passing at that speed and faster. The maximum acceleration peaks that Kim et al. measured are comparable to the RMS noise level of 9 mg for the MFISES accelerometer at the same bandwidth.
MFISES does not clearly meet the specifications for road activity monitoring. However, the capability to measure three complementary signals in magnetic field, pressure, and acceleration opens possibilities of sensor data fusion. We can consider each sensor measurement as a partial hypothesis of the experiment and use Bayesian methods to combine the partial hypotheses into a complete estimate [45] .
D. Chemical Sensing
For carbon monoxide sensing, a concentration of 50 ppm is cause for alarm. The benchmark MQ-7 carbon monoxide sensor requires measurements of temperature and humidity with resolution of 2.5°C and 5 %RH to reduce the effects of temperature and humidity related error to 10% of the sensor resolution.
We demonstrated using MFISES as a platform for detection of chemical gases and detected carbon monoxide gas with a tin oxide sensing film. The MFISES temperature and humidity sensors have sufficient resolution to compensate for typical temperature and humidity related error.
The benefit of MFISES is that the integration of the chemical, temperature, and humidity sensors on the same die reduces any temperature or humidity gradients that may exist in a multiple chip solution. The measurement method of MOS sensing films requires pulsed heating and leads to dynamic temperature changes. An integrated temperature sensor that shares the same silicon die will provide better temperature compensation than a sensor in a separate component. Future work will assess the detection limit of MFISES for gas sensing applications.
E. Parking Occupancy
Our investigation of parking occupancy showed that in a single axis, the measured magnetic field change was 4 μT with 25 μT peaks for a midsize passenger car.
The MFISES magnetometer RMS noise is 12 μT which suggests that we can detect the peaks of a vehicle entering and exiting, but the steady state value is below the noise floor.
In designing MFISES to be multifunctional, we compromised the magnetometer performance for design simplicity and smaller size. Li et al. have designed and tested 1-axis and 3-axis magnetometers in the same fabrication process with resolutions of 128 nT/rt-Hz and 30 nT/rt-Hz at the cost of a larger sensor footprint and more complex transducer design [46] , [47] . Practical implementation of parking occupancy sensors needs to consider electromagnetic interference and authentication of magnetometer data by measuring other physical parameters. The combination of MFISES capabilities does not provide a straightforward method to verify the magnetometer signal. Car occupancy may lead to clear changes in other parameters such as temperature, but a method to fuse the data to provide a robust signal would need to be investigated.
F. Benefits of an Integrated Multi-Sensor
For implementing MFISES in monitoring applications, we need to consider the environmental conditions that the sensors will encounter. For example, temperature change will cause a change in offset and sensitivity for practically all transducers. We have previously investigated methods of cross-sensitivity compensation for an integrated multi-sensor, which requires measurements of the sensitivity of each sensor to each measurand [48] . For MFISES, we tested the functionality of each sensor except the chemical sensor over the temperature range of −30 to 60°C. All sensors remained operational at the temperature extremes and require temperature compensation for accurate measurements. MFISES provides an integrated sensor platform to enable the compensation for temperature and other parameters. Since the sensors share the same die, thermal gradients and other environmental variations are reduced.
The MEMS industry has debated the economic and performance benefits of integration of MEMS and CMOS for many years [49] . With the rising demand for multiple sensing capabilities in a single system, the debate extends to multi-sensors and determining the cost and benefits of integration. We can compare MFISES as a die-level integrated multi-sensor against combo-sensors that combine multiple die into a single package and also against multiple discrete sensor components. A single sensor package versus multiple discrete components offers the advantages of a smaller circuit board layout and reduced cost. As evidence, the MEMS industry is focusing development on multi-axis combo sensors, with commercially available 9-axis IMUs being less expensive than the equivalent accelerometer, gyroscope, and magnetometer components [50] .
A single integrated sensor die can lead to lower sensor costs versus multiple die because of reduced die size, fewer manufacturing steps, and simpler packaging. The overall yield of a single integrated sensor versus multiple die has to be considered to assess the cost impact. Integration performed post-fabrication enables fabrication of individual components in different processes and perhaps testing before combining into a system to improve yield.
One might expect for MFISES that if the individual sensors had a yield of 90%, then with eight sensors on a die, the overall yield would be (90%) 8 , which is 43%. In reality, process and design parameters that simultaneously affected all the sensors determined the device yield. Independent failure of individual sensors was not the dominant failure mode. Isolation of the metal layer from the epi-seal polysilicon layer caused the largest loss of yield and affected the y and z-axis accelerometers and chemical sensors. We probed 42 devices and found 6 fully-functional die, for a yield of 14%.
VI. CONCLUSION
We have presented an MFISES platform with the capability of monitoring chemical gas, air speed, temperature, magnetic field, acceleration, humidity, and pressure variables in an integrated multi-sensor chip. MFISES demonstrates one method for reducing the size and cost of the sensor components in applications requiring multi-parameter sensing. We also benchmarked smart infrastructure applications in weather stations, indoor climate control, road activity, chemical sensing, and parking monitoring to assess the sensor requirements. Calibration testing of MFISES shows that the multi-sensor could be used in a number of these applications. Future research will focus on optimizing sensor operation for deployment in monitoring applications. 
